To ascertain the mechanisms underlying low caloric intake and low body weight in the Lou/C rat, the circulating hormone levels and gene expression of hypothalamic peptides and receptors important in energy balance and the induction of suppressor of cytokine signalling 3 (SOCS3) gene expression in response to leptin challenge were compared with Wistar rats. Plasma leptin levels were lower in the Lou/C rat, as were levels of rat corticosterone, TSH and T4 but not T3. Ghrelin levels were higher in the Lou/C rat. Total leptin receptor (Ob-R) and the long form of the leptin receptor (Ob-Rb) gene expression were lower in the arcuate (ARC) and ventromedial nuclei (VMN) in Lou/C rat. Ghrelin receptor expression in the ARC and VMN was lower in Lou/C than in Wistar rats. However, agouti gene-related peptide (AgRP) and neuropeptide Y (NPY) gene expression were higher in the Lou/C rat. There was no difference in the level of cocaine-and amphetamine-regulated transcript gene expression in the ARC, but both were higher in the paraventricular nuclei of the Lou/C breed. There was no difference in Ob-R gene expression in, or [
Introduction
Studies of rodents with either single gene mutations or gene knockouts have led to the discovery of a number of key components of the hypothalamic appetite and energy balance control system (Williams et al. 2001) . Most of these rodent models have resulted in an obese phenotype, reflecting the multiplicity of the interrelated pathways that ensure the animal remains in homeostasis or in positive energy balance . In contrast to these models, the Lou/C rat is an inbred sub-strain, derived from the Wistar rat. It is reported to exhibit spontaneous caloric restriction, relatively high energy expenditure and a lower body weight, mainly due to lower levels of white adipose tissue (WAT; Couturier et al. 2002 , Perrin et al. 2003b . The Lou/C rat lives longer and does not develop insulin insensitivity, unlike the Wistar rat (Veyrat-Durebex & Alliot 1997 , Veyrat-Durebex et al. 1998 , and is used as a model to study healthy ageing. Another model of low food intake, the anoretic mouse anx/ anx, dies prematurely at 3-5 weeks of age from severe malnutrition as a result of an autosomal recessive mutation, which causes hypothalamic abnormalities and profound dysregulation of appetite and energy balance control mechanisms (Johansen et al. 2000) . However, the hypothalamic mechanisms underlying the reported lower caloric intake and higher energy expenditure in the Lou/C rat are relatively unknown.
The major appetite and energy balance centres in the rodent consist of two distinct populations of neurons located in the arcuate (ARC) and ventromedial nuclei (VMN) of the hypothalamus (Kalra et al. 1999) . One regulatory pathway consists of neurons co-expressing neuropeptide Y (NPY) and agouti gene-related protein (AgRP), potent stimulators of food intake, while an adjacent set of neurons co-express proopiomelanocortin (POMC) and cocaine-and amphetamine-regulated transcript (CART), which suppress food intake (Williams et al. 2001) . These cells respond to peripheral hormones that signal both the long-and short-term energy status of the animal. Leptin, secreted by, and in proportion to, WATenters the brain via the short forms of the leptin receptor (Ob-Ra and Ob-Rc; Bjorbaek et al. 1998) . It then signals the status of energy stores by activating POMC/CART neurons and inhibiting NPY/AgRP neurons (Elias et al. 1999) via the long form of the leptin receptor (Ob-Rb; Mercer et al. 1996) , resulting in inhibition of feeding and an increase in energy expenditure. In contrast, ghrelin, secreted mainly by the stomach but also present in the hypothalamus, activates the NPY/AgRP neurons (Kamegai et al. 2001 , Cowley et al. 2003 via the ghrelin receptor (GHS-R; Guan et al. 1997) stimulating feeding and decreasing energy expenditure (Tang-Christensen et al. 2004b) . Ghrelin, from the stomach, acts as a short-term signal of nutrient depletion; the levels rise in response to fasting and drop rapidly after feeding (Lee et al. 2002) . However ghrelin in the hypothalamus is thought to link circadian rhythms and feeding activity (Cowley et al. 2003) .
To determine if control mechanisms of energy balance may differ between the Lou/C and Wistar rats, we have compared the levels of circulating hormones and the gene expression of hypothalamic peptides and receptors important in energy balance in these sub-species. These include: Ob-R (all forms of the leptin receptor), GHS-R, AgRP, NPY and CART. We have also compared the levels of [
125 I]leptin binding to the choroid plexus to ascertain if leptin transport into the cerebrospinal fluid (CSF) may differ between the two substrains of rat. Furthermore, to determine if polymorphisms in the promoter region of GHS-R may be responsible for differences in the level of expression of GHS-R in the ARC and VMN of the Lou/C rat, this region of the gene was sequenced in both sub-strains. Finally, to ascertain whether sensitivity to the leptin signal is different between these rats, we have challenged Lou/C and Wistar rats with a single i.p. leptin injection and measured the induction of suppressor of cytokine signalling 3 (SOCS3) gene expression in the ARC 1 h later.
Materials and Methods

Experimental animals
All studies involving animals were licensed under the Animal (Scientific Procedures) Act of 1986 and received approval from the Rowett Research Institute's Ethical Review Committee. Lou/C and Wistar rats (Harlan, Blackthorn, Oxon, UK) were housed at the Rowett Research Institute for 3 weeks prior to experiment under a controlled 12 h light:12 h darkness cycle at 21-22 8C and fed standard rat chow and water ad libitum. Rats were weighed and cumulative food intake was measured three times a week.
Leptin challenge
On the day of experiment, rats were randomly divided into groups (each nZ6) within each sub-strain. Rats received either a single i.p. injection of leptin (2 mg/kg body weight) or a carrier solution. Rats were killed 1 h after injection by terminal anaesthesia followed by decapitation, with trunk blood collected into heparinised tubes on ice. Brains were removed, frozen in isopentane, chilled over dry ice and stored at K80 8C until cryo-sectioned and processed for in situ hybridisation or quantitative in vitro autoradiography. Subcutaneous, epididymal, retroperitoneal, mesenteric and omental WAT depots and intrascapular brown adipose tissue (BAT) and the gastrocnemius and soleus muscles of the right leg were removed, weighed and frozen in liquid nitrogen.
In situ hybridisation
Specific probes for GHS-R, Ob-R, Ob-Rb, AgRp, NPY, CART and SOCS3 were used as detailed previously (Adam et al. 2000 , Nogueiras et al. 2004 , Tups et al. 2004 . Automated sequencing was performed to verify each sequence. Messenger RNA levels were quantified using these probes by in situ hybridisation, on 20 mm thick coronal hypothalamic sections, using techniques described in detail elsewhere (Mitchell et al. 2002) . Briefly, slides were fixed in 4% (w/v) paraformaldehyde in PBS (0$1 mol/l phosphate buffer/0$9% (w/v) saline) for 20 min at room temperature, washed in PBS, incubated in 0$1 mmol/l triethanolamine for 2 min and acetylated in 0$1 mmol/l triethanolamine and 0$25% (v/v) acetic anhydride for 10 min. Sections were dehydrated in ethanol and dried under vacuum before hybridisation with riboprobes at 10 6 c.p.m./ml for 18 h at 58 8C. After hybridisation, sections were desalted through a series of washes in SSC to a final stringency of 0$1! SSC at 60 8C for 30 min, treated with RNase A and dehydrated in ethanol. Slides were apposed to Biomax MR (Sigma) together with [ 14 C] microscale standards (Amersham International) at room temperature for varying lengths of time depending on the probes used.
In vitro autoradiography
Sections were acid prewashed in low pH, highsalt (pH 2, 0$5 M NaCl) HEPES buffer, to remove any endogenous leptin bound to its receptor, prior to a brief wash in HEPES before incubation with 1 nM [
125 I]leptin with the specific activity adjusted to 250 000 c.p.m./pM in HEPES for 2 h at room temperature. Control slides were incubated with [ 125 I]leptin as plus 1 mM leptin. Slides were then thoroughly washed in HEPES buffer followed by distilled water at 4 8C and airdried before apposed to Biomax MR (Sigma) together with [
125 I] microscale standards (Amersham International) at room temperature.
Quantification of in situ hybridisation and in vitro autoradiography
Autoradiographs were scanned on Umax Power Look II (UMAX Data Systems, Fremont, CA, USA). Integrated optical densities, measurements of both surface area and optical density of images, were quantified using the Image Pro-plus system (Media Cybernetics, Silver Springs, MD, USA) and converted to nanocurie per gram using 
Immunoassays for plasma hormone levels
Serum leptin and ghrelin concentrations were measured using commercially available rat-specific RIA kits (Linco Research Inc., St Charles, MI, USA and Pheonix Diagnostics Inc., Belmont, CA, USA, respectively). Serum T3, T4 and corticosterone were measured by ELISA (Diagnostic Automation Inc., Calabasas, CA, USA and Assay Designs, Ann Arbor, MI, USA, respectively). Insulin was measured using a Luminex 100 analyser and a rat endocrine Lincoplex kit (Linco Research Inc).
Thyroid-stimulating hormone (TSH) was measured by RIA as previously described (Seoane et al. 2000) using reagents provided by the National Hormone and Peptide Program (NHPP; Torrance, CA, USA).
Sequencing of the GHS-R promoter region
Genomic DNA was extracted from frozen muscle samples of two Wistar and Lou/C rats using DNeasy tissue (Qiagen). The 5 0 -flanking region of the GHS-R was amplified using PCR primers designed using PrimerSelect computer software (DNASTAR, Madison, WI, USA) based on Genbank Rattus norvegicus nucleotide sequence data no. NW047624. The region from K2682 to C475 bp relative to the rat GHS-R translation start site was amplified (96 8C for 30 s, 68 8C for 60 s, 72 8C for 45 s, 35 cycles) using F1 (5 0 -TCC CAT GCT TGT TTG CTT TGT GAC) and R1 (5 0 -ACG CGG CCC TTA GTG ACC A) as primers. The resultant PCR product was sequenced using a CEQ 8000 genetic analysis system (Beckman Coulter, Inc., Fullerton, CA, USA) and the internal primers iF2 (5 0 -AGC GCT GGC CTC TAC CTT), iF3 (5 0 -GCC CCC TAC TGC TTC TTG ATA ACA), iF4 (5 0 -GCT GGC CGA GGT GCT GAA GA), iF5 (5 0 -GGC TTC CGC ACT TGT TAC) and iF6 (5 0 -GGC GCT GCT CCG GTG ATA GG).
Statistical analysis
Data are represented as meansGS.E.M. and analysed by oneway ANOVA. P!0$05 was considered statistically significant.
Results
Body weights, food intake and circulating hormone levels
In the present study, Lou/C rats had a significantly lower body weight than the age-matched Wistar rats (P!0$001; Fig. 1a ) and also ate significantly less food (P!0$001; Fig. 1b ). Tissues measured weighed less in the Lou/C rat (P!0$05; data not shown), but when calculated relative to whole body weight, total WAT depots were at a lower percentage of body weight in the Lou/C rat (P!0$001; Fig. 1c ). BAT (P!0$001; Fig. 1d ) and the two muscles sampled were equivalent to (NS, no significant difference) or at a higher percentage of body weight (P!0$001) compared with the Wistar rat (Fig. 1e) . Thus, the Lou/C rat is also leaner than the Wistar rat.
In vehicle-treated animals, serum leptin levels were significantly lower in the Lou/C rats (P!0$05; Fig. 2a) , which is to be expected from the significantly lower weights of all WAT depots measured. Serum ghrelin levels were higher in the Lou/C rat (P!0$001; Fig. 2b ), but there was no significant difference in insulin levels between the two substrains (Fig. 2c) . TSH and T4 were lower in the Lou/C rat (P!0$05 and P!0$01, respectively), although T3 concentrations were similar (Fig. 2d-f) . Corticosterone was lower in the Lou/C rat (P!0$01; Fig. 2g ).
Hypothalamic peptides and receptor gene expression
In vehicle-treated animals, measurement of gene expression with a probe that recognises all isoforms of the leptin receptor, Ob-R, revealed significant differences, with lower levels of Ob-R gene expression present in the ARC (P!0$001) and the VMN (P!0$05) of the Lou/C compared with the Wistar rat (Fig. 3a) . The same pattern was also seen with the probe for the long signalling form of the receptor (Ob-Rb), which showed lower levels of gene expression in the ARC (P! 0$01) and VMN (P!0$05) in the Lou/C rat (Fig. 3b) . GHS-R gene expression was found to be lower in both the ARC (P!0$001) and the VMN (P!0$001) of the Lou/C rats compared with the Wistar rat (Fig. 3c) . In contrast, the levels of both AgRP (P!0$001) and NPY (P!0$001) gene expression in the ARC were higher in the Lou/C rat compared with the Wistar rat (Fig. 3d) . While the level of CART gene expression in the ARC was not different between the two sub-strains, in the paraventricular nuclei (PVN), levels of CART mRNA were higher (P!0$001) in the Lou/C compared with the Wistar rat (Fig. 3e) .
Leptin receptor expression and [ 125 I]leptin binding to the choroid plexus
Ob-R gene expression was also measured in two distinct regions of the choroid plexus of the lateral ventricle, one central and lateral. At neither site was there a difference between the vehicle-treated sub-strains of rat (Fig. 4a) . The level of specific binding of [ 125 I]leptin to the same regions of the choroid plexus was also similar between the two substrains (Fig. 4b) .
SOCS3 gene expression
Leptin challenge did not give rise to a significant change in SOCS3 expression, 1 h after leptin challenge, in the ARC of the Lou/C rat. However, in the Wistar rat, SOCS3 expression, 1 h after leptin challenge, was significantly elevated (P!0$01) compared with basal levels. Interestingly, while circulating leptin was lower (P!0$05; Fig. 2a ) in the Lou/C rat compared with the Wistar rat, the basal level of SOCS3 gene expression was not significantly different (Fig. 5) . Any potential response to leptin challenge was also tested for by investigating changes in the level of all the hypothalamic genes detailed, and for specific [
125 I]leptin binding to the choroid plexus. At 1 h after leptin challenge, there was no significant change in the level of expression of any of the genes or in [
125 I]leptin binding in either of the substrains (data not shown).
GHS-R promoter sequence
Full-length consensus sequences were formed using SeqMan (DNASTAR, Madison, WI, USA) for Lou/C and Wistar rats. Analysis of the consensus sequences using Megalign (DNASTAR) showed complete alignment of Lou/C and Wistar sequences (accession no. AY940035). This suggests that polymorphism within the Lou/C GHS-R promoter is not responsible for the lower level of GHS-R seen in the Lou/C rat. There were four incidences of single nucleotide polymorphisms (SNP) between accession no. NW047624, obtained from Brown Norway rats, and our sequences. However, these instances of SNPs are not unexpected as considerable genetic variation has previously been observed between Brown Norway compared with Lou/C and Wistar rats (Smits et al. 2004 ).
Discussion
The Lou/C rat maintains a relatively low body weight throughout its lifetime by naturally restricting its caloric intake and expending more energy (Perrin et al. 2003a (Perrin et al. , 2003b . The body weights and food intakes, plus plasma leptin and ghrelin levels, measured in the present study confirm those obtained previously, defining the Lou/C rat as a model of low body weight (Alliot et al. 2002 , Couturier et al. 2002 , Perrin et al. 2003b . TSH and T4 levels were lower in the Lou/C rat, although T3 levels were not significantly different, indicating central hypothyroidism that would act to limit energy expenditure in response to low body weight and low serum leptin levels. Corticosterone is permissive for appetite stimulation and body fat accumulation, and the higher levels observed in the Wistar rat may stimulate adiposity via the actions of hormones such as ghrelin (Tung et al. 2004) . Thus, the lower levels of plasma corticosterone levels in the Lou/C may contribute to their lower levels of WAT.
Relatively little is known of the hypothalamic mechanisms underlying the differences in caloric intake and energy expenditure between the Lou/C and the closely related Wistar rat. A comparison of four different strains of rat, employing semi-quantitative reverse transcriptase (RT)-PCR on whole hypothalamic explants, reported no differences in AgRP, NPY, Ob-Rb or GHS-R gene expression between Lou/C and Wistar rats (Kappler et al. 2004) . However, a subsequent study using the same techniques observed increased levels of gene expression for some orexigenic peptides in the Lou/C rat compared with the Wistar. Nevertheless, these differences appeared in the older rats with little or no differences for younger animals (12 weeks of age), except for orexin (Kappler et al. 2003) .While RT-PCR in these studies measured total gene expression within the hypothalamus, it cannot distinguish between different nuclei. In the present study, we have used quantitative in situ hybridisation to compare levels of gene expression in the hypothalamic energy balance centres of the Lou/C and Wistar rats enabling us to identify differences in individual nuclei. The level of expression of leptin receptors, measured using a probe that recognises all forms of the receptor, was significantly lower in the ARC and the VMN in the Lou/C rat. This finding was confirmed using a probe specific for the long signalling form of the receptor (Ob-Rb). The lower levels of Ob-R and Ob-Rb mRNA indicate that less leptin receptors are available in these nuclei. This would make the Lou/C less sensitive to the effects of leptin, as confirmed by the negligable induction of SOCS3 gene expression 1 h after a single i.p. injection of leptin, indicating that the Lou/C rat probably has both lower amounts of the leptin receptor and a lower sensitivity to leptin. This would be contrary to the known effects of leptin in regulating WAT accumulation, whereby animals with higher levels of WAT are usually less sensitive to leptin (Levin & Dunn-Meynell 2002) . However, SOCS3 inhibits the signalling of the leptin receptor via the janus kinase/signal transducer and activator of transcription 3 (JAK/STAT3) pathway (Bjorbaek et al. 2000) , with SOCS3 haploinsufficiency resulting in greater sensitivity to the leptin signal and a lower body weight (Howard et al. 2004 , Mori et al. 2004 ). Therefore, a lower level of SOCS3 induction by leptin challenge as seen in the Lou/C rat may indicate that the JAK/STAT3 signalling pathway is not as efficiently inhibited in comparison to the Wistar rat. However, the lower level of circulating TSH and T4 found in the Lou/C could be explained by both the lower leptin levels and a lower sensitivity to leptin. In this regard, it is well established that decreased TSH and T4 levels during food deprivation can be reversed following leptin administration. The blunted TSHthyroid axis in this setting is due to decrease synthesis of thyrotrophin-releasing hormone at hypothalamic levels (Fekete et al. 2006) . Taken together, our findings indicate that Lou/C rats exhibit biochemical features of central hypothyroidism as an adaptative mechanism to decrease energy expenditure in the face of low energy stores. Further studies are needed to clarify the relative sensitivities of the Lou/C and Wistar rats to leptin.
The lack of difference between the sub-strains in Ob-R gene expression and in the level of [
125 I]leptin binding to the choroid plexus indicates that leptin transport across the choroid plexus into the CSF is similar, as defined by the ability of the receptor protein to bind to its ligand in this region. However, this study does not provide data on the transport process itself or on the transport of leptin across the bloodbrain barrier of the microvessels of the brain.
A striking difference between the Lou/C and the Wistar rats was the lower level of GHS-R expression found in the ARC and the VMN in the Lou/C rat. GHS-R gene expression in the hypothalamus has been shown to be controlled by numerous circulating hormones and nutritional factors (Bennett et al. 1997 , Tamura et al. 2000 , Petersenn et al. 2001 , Kim et al. 2003 , Nogueiras et al. 2004 , including leptin and ghrelin, the former downregulating and the latter upregulating gene expression in the ARC (Nogueiras et al. 2004) . In the Lou/C rat, leptin levels are relatively low, while ghrelin levels are relatively high compared with the Wistar rat. This might be expected to result in higher levels of GHS-R in the Lou/C rat, contrary to what was observed. GHS-R gene expression is also modulated by both thyroid hormones and glucocorticoids (Thomas et al. 2000) , with adrenalectomy downregulating gene expression and dexamethasone treatment reinstating normal levels of GHS-R expression. Therefore, the lower levels of corticosterone seen in the Lou/C rat could explain the reduced levels of GHS-R, and indicate that corticosterone is more influential than ghrelin or leptin in controlling this expression. This hypothesis remains to be tested. One possibility excluded by this study was that mutations in the promoter region of the GHS-R gene were responsible for the different level of GHS-R expression in the two sub-strains.
Ghrelin signals to the hypothalamus to increase food intake and to decrease energy expenditure (Tschop et al. 2000 , Holst et al. 2003 , Holst & Schwartz 2004 . If the lower levels of GHS-R gene expression were related to less receptor protein, a reduced response to the orexigenic effects of ghrelin may result. This could offer an explanation for the lower body weight in the Lou/C rat, particularly as the GHS-R has been shown to be constitutively active in transfected cells (Holst et al. 2003) , with the level of GHS-R gene expression being postulated as providing a set point in appetite and energy balance control (Holst & Schwartz 2004) . Nonetheless, ghrelin is known to act largely by increasing AgRP and NPY gene expression (Kamegai et al. 2001 , Tang-Christensen et al. 2004a , and mRNA abundance of both of these peptides was higher in the Lou/C rat compared with the Wistar rat. Increased AgRP and NPY should signal that the Lou/C rat is in a state of caloric deficit and provoke increased food intake and decreased energy expenditure. This clearly does not occur; these signals are either not being read or are being overridden. In this latter respect, it is interesting that levels of the anorexigenic peptide CARTwere higher in the PVN, but not the ARC of the Lou/C rat. This may override the AgRP and NPY signals to limit caloric intake in the Lou/C rat.
In summary, the levels of circulating hormones and hypothalamic expression of genes controlling food intake and energy expenditure in the Lou/C rat differ from those in the closely related Wistar rat. However, the differences in the gene expression of hypothalamic peptides and receptors are largely contrary to those predicted from the adiposity of the sub-strains. Comparative studies involving manipulation of energy intake and its impact on circulating hormones and hypothalamic gene expression involved in energy balance are presently being carried out to elucidate the mechanisms underlying the maintenance of low adiposity in the Lou/C rat. 
